Abstract--The sorption of U and Ra on finely ground biotite, muscovite, and phlogopite was adequately described by the Freundlicb adsorption equation, (x/m) = KC n, at low U and Ra concentrations despite Ra precipitation at the higher temperature. Radium and U sorption-efficiency curves derived from the Freundlich constants generally showed decreased distribution coefficients in response to increasing lemperature and increasing Ra or U concentrations. Temperatures investigated were 5~ 25~ and 65~ Solution compositions used were 0.1 M NaC1 and 0.01 M NaHCO3 for U, and 0.01 M NaC1 for Ra. Uranium initial solution concenlrations ranged from 1.00 • 10 4 M to 4.00 • 10 7 M; the Ra initial solution concentration range was 6.80 • 10 -7 M to 8.60 • 10 9 M.
INTRODUCTION
reported three modes of uranium occurrence in central Texas granite rocks: (1) uranium in accessory minerals (zircon, sphere, apatite), referred to by the above authors as resistate U; (2) uranium along crystal boundaries, particularly biotite, called intergranular U; and (3) uranium disseminated in primary quartz and feldspar as background U. Modes (1) and (2) were reported to be about equal in abundance, whereas mode (3) was much less abundant. According to the above authors, intergranular U was probably deposited as surface adsorptions during late-stage crystallization or shortly thereafter, and was readily mobilized during the initial decomposition of the granite. Uranium is concentrated in the finer weathering products, but its sorption onto secondary clay minerals (e.g., kaolinite) was not found by Tieh et al. (1980) to be an important mechanism for uranium concentration in the finer fraction of soils. At several meters from the original granite, the fine to very fine-sand weathering products and resistates consist of, in order of abundance, quartz, altered feldspar, biotite, leucoxene, microcline, hornblende, zircon, and plagioclase. Most, if not all, of the intergranular U has been desorbed from the biotite in less than one kilometer of sediment transport. Merifield et al. (1980) investigated uranium distribution and fixation in relation to sedimentary facies within the Kern and Buena Vista Lake drainage basins, California. Here, uranium is also mainly associated Copyright 9 1983, The Clay Minerals Society with the finer grained sediments and varies from 2 to 23 ppm for the whole sediment. The clay-size fraction contains 50 to 60 wt. % U, the sand fraction 13 to 23 wt. % U, and the silt fraction 26 to 32 wt. % U by difference. The unaltered biotite in the sand-size fraction contains 45 ppm U, whereas the U content of the altered biotite in the sand fraction is 35 ppm, suggesting that most of the U in the sand fraction, and perhaps the silt fraction, is present on the biotite flakes. Three modes of uranium occurrence were reported by Merifield et al. (1980) : (1) uranium sorbed on minerals, e.g., biotite; (2) organically bound uranium which may also be sorbed on mineral surfaces; and (3) detrital, uranium-containing minerals such as zircon, sphere, and apatite. Together, the first two modes contain 50.3 to 82.3 wt. % of the U, with sorbed U predominating. The means of the sorbed U, organically complexed U, and detrital U were 5.17 ppm, 0.96 ppm, and 3.48 ppm, respectively.
These two papers demonstrate examples of probable late-stage sorption and transport of uranium on trioctahedral biotite. Noticeably missing are data on the U-sorption abilities of muscovite and phlogopite from these also common constituents of granitic rocks. To obtain more rigorous, comparative data on the U-sorption ability of mica minerals, a study was undertaken with fine-grained biotite, muscovite, and phlogopite at several temperatures and solution compositions. Radium sorption also was investigated to assess the possibility for U-Ra separation due to differential sorption on the micas. Number of cations based on 24 O, OH, F.
METHODS OF INVESTIGATION
Biotite from Bancroft, Ontario, phlogopite also from Ontario, and muscovite from Stoneham, Maine, were purchased from Ward's Natural Science Establishment, Rochester, New York. Sheets of micas were separated by hand, cut into small pieces, and mechanically ground and screened to recover a 50 • 100 mesh-size fraction. This size fraction was treated with 0.01 M NaC1, washed, and dried at 60~ overnight. Chemical analyses and other characteristics of the 50 • 100 mesh (0.300 to 0.150 mm) micas are given in Table 1 . Representative samples were dissolved in HF-H2SO4 in Teflon-lined digesters and analyzed by inductively coupled plasma, and atomic absorption spectroscopic techniques. Surface areas were determined by the standing multipoint B.E.T. method (Lowell, 1979) and cesium cation-exchange capacities were determined by a method proposed by Routson et al. (1973) for lowcapacity materials. The sodium-washing and cesium cation-exchange procedures removed very minor amounts of interlayer potassium from the biotite and none from the muscovite (Leonard and Weed, 1970; Feigenbaum et al., 1981) . An anion-exchange capacity was measured with the divalent uranyl carbonate complex as shown in Table 1 . In general, the micas with the low cation-exchange capacities tended to show the highest anion-exchange capacity. However, exchange capacity is to a large extent a function of the ion used to measure it. The chloride capacity, for example, was found to be very low for all three micas. X-ray powder diffraction tracings showed no mineral phases other than muscovite, biotite, and phlogopite. The trace Mn and Ti of the chemical analyses are well within the ranges for structural Mn and Ti listed in Deer et al. (1962) . Scanning electron micrographs of the mica showed no other phases present, including ferric oxyhydroxides, on mica surfaces, but did show excessive edge fraying due to the mechanical grinding.
Radiochemically pure and carrier-free U 233 as uranyl nitrate was added to 0.01 M NaC1 solutions. U 233 is an alpha particle emitter with a half-life of 1.61 • 10 s yr and a specific activity of 9.48 • 10 -3 Ci/g, enabling accurate scintillation counting into the ppb-concentration range. Ra 226 also is an alpha particle emitter with a half-life of 1602 yr and a specific activity of 0.988 Ci/g. U 238 was used to extend the range of U concentration, but no such isotope of Ra exists. Hence, only Ra 226 was used in the Ra solutions. There was, of necessity, an upper limit of Ra 226 concentration that could be used in the experiments, due to the increasing radioactivity. In addition, as much as three weeks was required before scintillation counting for the Ra 226 to reach equilibrium with its Rn 222 daughter.
Four aliquots of the original radioactive solution were set aside for later counting with the equilibrium solution aliquots. Ten milliliters of each radioactive solution was added for each gram of mica. All micasolution equilibrium experiments were executed in triplicate in sealed polypropylene tubes, and mean values were used to determine U or Ra remaining in solution and on the mica. The tubes were later rinsed with methanol to remove all solids and recounted to determine tube-wall sorption. Only three instances of tube-wall sorption greater than 2% of the total tube activity were found and used in correcting soldtion counts.
The tubes containing the various solutions and micas were gently rotated for a continuous 30-day equilibrium period at the temperatures of the isotherms (5 ~ , 25 ~ and 65~
Both the original radioactive solution and equilibrium solution aliquots were pipeted at temperature to equalize volumes and count rates. The experiments were carried out in a New Brunswick incubator-rotator where the variation was _+_+ 1.0~ over the temperature range. Figure I . Equilibrium U-sorption isotherms on biotite in 0.01 M NaC1. Equilibrium U-sorption isotherms on biotite in 0.01 M NaHCO3.
After the 30-day contact period, solution aliquots were taken for counting along with the initial solution samples at their respective temperatures. From the counting efficiency, initial and equilibrium solution counts and specific activities of the Ra and U, the concentrations in the equilibrium solution and on the mica were calculated. A mean value was determined from triplicate experiments. Final pH values were measured at 25 ~ with a standard calomel electrode and a pH range between 6.5 and 7.8 for the micas in 0.01 M NaCI and 8.1 to 9.2 for the micas in 0.01 M NaHCO3. Dissolved oxygen measurements taken with a calibrated Orion oxygen probe averaging 8.3 mg O2/liter at 25~ indicated an Eh environment of from +600 to +700 mV.
The simple sodium systems used in this study were designed to show the relative effects of bicarbonate ions, U and Ra concentration, and temperature on U and Ra sorption on micas and are obviously not representative of many chemically complex natural systems.
RESULTS
Means of triplicate experimental values for the sorption of U on biotite, muscovite, and phlogopite are given in Table 2 . The data fit a Freundlich sorption isotherm (Freundlich, 1922) M NaHCO3. Note the straight-line relationship between ln(x/m) and in C. The Freundlich constants for the isotherms are given in Table 3 . The r is a correlation coefficient, or a geometric mean of the two regression coefficients, and varies between + 1.00 and -1.00 as a function of regression line slope. Sy.x is a standard deviation from regression, a measure of dispersion applied to differences between measured and estimated values of ln(x/m) in linear regression. The Freundlich constants may be used to predict U loading within their specific temperature, solution-composition, and pH ranges via the equation ln(x/m) = In K + n In C, where C is known. An additional constraint requires that such predictions remain within the U concentration range dealt with in the experiment. A further variation of the Freundlich equations allows the substitution of the initial concentration (CO of U in solution for the equilibrium concentration (C), and generation of a new set of Freundlich-like constants. These constants may be used to compare U-sorption efficiencies from the same initial U solution concentrations. The equation again is subject to use only within the temperature, pH, solution-composition, and U-concentration ranges for which it is valid. The very simple Freundlich isotherm is not useful for the modeling of complex natural geohydrologic systems because the range of variables is too large for efficient laboratory study. The Freundlich-like equation is ln(x/m) = In liter + m In CI.
The Freundlich-like constants for U are given in Table 4 . The mean experimental values for sorption of Ra from 0.01 M NaCI solutions on the micas are given in Table 5 . Only three experimental points were obtained, and these were obtained using initial solution Equilibrium sorption of U on biotite in 0.01 M concentrations of Ra ranging from about 120 ppb to 1.2 ppb, considerably lower than the U concentrations. However, the lower Ra concentrations used here parallel the lower-than-U Ra concentrations found in some natural environments. The Ra-sorption data also fit the Freundlich sorption isotherm as shown in Figure  2 . The comparable experimental sorption values for Ra are linear on a plot of ln(x/m) vs. In C, and the experimental values at 5 ~ and 25~ are nearly the same. The Freundlich and Freundlich-like constants are given in Tables 6 and 7 , respectively, for the Ra-sorption data of Table 5 .
DISCUSSION
By utilizing the Freundlich and Freundlich-like constants given in Tables 3, 4 , 6, and 7, curves were constructed of D, a measure of the efficiency of the mica for sorbing U or Ra from solution (x/m) vs. the initial U or Ra solution concentration (C~) contacting the mica. M NaC1.
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For example, for a U C 1 value of 1.00 • 10 -4 M in 0.01 M NaC1 at 5~ using the appropriate Freundlich-like constants from Table 4 , (x/m) is 1.620 • 10 -7 mole/g. Using this (x/m) value with the Freundlich constants for 5~ 0.01 M NaC1 for U given in Table 3 , C = 1.546 • 10 4 N, and D = (x/m)/C(0.001), or 1.05 ml/ g. This computation was made for several CI values resulting in curves for a given temperature and solution composition that show the difference in D values due to initial U or Ra solution concentrations. The D curves for U sorbed on biotite in 0.01 M NaC1 at three temperatures are given in Figure 3 . Each D value is based on means of 9-12 experimental equilibrium points, but is otherwise similar to a Ka.
Note that the sorption of U increased dramatically with decreasing initial U solution concentration and Figure 6 .
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temperature. D values exceed 3000 ml/g at the lower uranium CI values, or a gram of biotite at equilibrium has 3000 times the U concentration found in a milliliter of contacting solution. The effect of adding bicarbonate ions to the system on uranium D values is shown in Figure 4 . The least effect is apparent on the 65~ curve. The 5~ and 25~ curves were considerably reduced in U sorption efficiency, presumably due to U carbonate complexing. The uranyl carbonate complexes are relatively heat-sensitive and resulted in nearly the same sorption at 65~ as for uranyl ions from 0.01 M NaC1 with no carbonate complexing (Langmuir, 1978) .
U sorption on muscovite from 0.01 M NaC1 is shown in Figure 5 . In general, these curves were similar to those for biotite in the same environment. In contrast, sorption of U on muscovite from 0.01 M NaHCO3 was much more efficient than on biotite under comparable conditions, as shown in Figure 6 . D values above 40,000 ml/g were common. As seen in Table 1 , the muscovite was largely an anion-exchange material. Muscovite cation-exchange capacity was minimal, U sorption from a solution (0.01 M NaHCO3) containing largely uranyl carbonate anionic complexes should exceed that of a cation-exchange material (biotite) from the same solution.
Ra-sorption efficiency curves on biotite muscovite in 0.01 M NaC1 are shown in Figures 7 and 8 , respectively. Little evidence was found for Ra complexing by bicarbonate at the 0.01 M NaHCO3 concentration level. Hence, only 0.01 M NaC1 was investigated. The 65~ isotherm was below the 5 ~ and 25~ isotherms for muscovite, mostly an anion exchanger. Ra sorption is mainly an ion-exchange reaction, and ion-exchange reactions from solution to solid are typically exothermic. As temperature increases, cation selectivity (for Ra in this case) should tend to decrease in aqueous solutions (Helfferich, 1962) . A Ra-removal reaction in addition to that of cation exchange is implied when The Ra is being removed from solution at a faster rate than it is being added. Radium precipitation obviously occurred at 65~ It is not unusual for the removal reactions to include precipitation and still have the results produce a linear Freundlich or Langmuir plot (Vieth and Sposito, 1977) . U-sorption efficiency curves on phlogopite from 0.01 M NaCI and NaHCO3 solutions are shown in Figures  8 and 9 , respectively. Unlike biotite, more U was sorbed at 65~ than at 25~ but the U-sorption results in 0.01 M NaC1 were otherwise comparable to biotite and muscovite in the same system. However, U sorption by phlogopite from a 0.01 M NaHCO3 system was much less than by either biotite or muscovite in comparable systems.
It is not difficult to understand bow Ra and U could become separated during weathering and migration processes, especially in bicarbonate-containing groundwaters. Under such conditions, Ra migrates as a cation competing with other alkaline earth cations for sorption sites (Nathwani and Phillips, 1979) , while U travels mainly as anionic carbonate and hydroxide complexes (Langmuir, 1978) . U could be mainly sorbed on the edges and exposed basal sheets of muscovite whereas Ra could be transported as sorbed cations on secondary minerals, phlogopite, and biotite. U present along biotite crystal boundaries in a granite (Tieh et al., 1980) may have accumulated by sorption from a hot, late-stage solution containing a small concentration of U. After cooling and the beginning of weathering, the U on biotite exterior surfaces would tend to be desorbed and to migrate in local groundwaters. Muscovite would not tend to sorb U from hot, late-stage solutions because of its preference for carbonate complexes. Uranyl carbonate complexes are heat-sensitive and largely revert to simple uranyl cations at higher temperatures (Langmuir, 1978) . The high specificity of muscovite for U in the form of anionic uranyl carbonate complexes is only exceeded by uranyl cation sorption on ferric oxyhydroxides (Starik et al., 1958; Hsi, 1981; Ames et al., 1983) . The selectivity of the mica for uranyl carbonate complexes is largely reflected in its ion-exchange capacity as measured with the same anion.
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